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This paper presents the results of an analysis of energy consumption during steriliza-
tion of milk and dairy products in the UHT- plant, installed in Mlekara – Subotica, Ser-
bia, which is equipped with two recuperators. Total consumption of energy, amount of in-
ternal (recuperated) energy and consumption of external (heating and cooling) energy are 
considered as the functions of temperature difference at the recuperators. The analysis is 
performed by applying both Whistler’s temperature - enthalpy diagram and second law of 
thermodynamics. Based on the results of this analysis it was concluded that the analyzed 
UHT- plant works very close to the optimal regime. 
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INTRODUCTION
In order to increase the keeping quality of milk, dairy products and similar foods their 
thermal treatment has to be applied, which requires certain amount of energy for heating 
and cooling operations. A very common process for destroying all the microorganisms 
present, both vegetative forms and spores, is sterilization at ultra - high temperatures - 
well known as UHT- processing. The process takes place in an UHT- plant equipped with 
heat exchangers, where the product is heated to a temperature of 135 – 150 oC, held at this 
temperature for a few seconds and then cooled for ﬁlling in sterile containers (1,2). 
There are various types of UHT- processing plants, which may differ in many charac-
teristics. From the point of view of energy consumption, the most important characteristics 
are associated with the source of heating energy (steam and/or hot water), way of heat 24
transfer from the source to the product (direct or indirect), arrangement of heat exchangers 
in a network, and type of exchangers. Regardless of their type, UHT - plants are designed 
to use recuperation of energy thus guaranteeing minimal consumption. Speciﬁcally, it is 
typical of UHT - sterilization that a certain proportion of heat, supplied during processing, 
is extracted from the product to cool it after sterilization and is transferred to the incoming 
product in order to save energy. The proportion of energy exchanged in recuperators is 
considered as the recuperated energy. The rest of the supplied energy will be exchanged in 
the heaters and coolers of the UHT- plant. Consequently, the greater the level of recupera-
tion the smaller the consumed energy. 
So, the total supplied energy is the sum of internal - recuperated energy and exter-
nal energy - exchanged in heaters and coolers of the system. Minimal consumption is 
achieved when total energy equals the recuperated energy; maximal consumption is inev-
itable when recuperated energy equals zero. The main restriction that affects the quantity 
of recuperated energy is the design of the UHT- plant (1). However, within the same plant 
, certain variations of energy consumption are possible, depending on the temperature dif-
ferences at the recuperators, which depend on the quantity and quality of their heat transfer 
surfaces. So, a kind of optimization can be performed using Whistler’s t-H diagram.
This paper offers such an optimization applied to the UHT - plant installed in the 
“Mlekara – Subotica”, Serbia.
EXPERIMETAL
The analysis of energy consumption was carried out during processing in the UHT- 
plant installed in  “Mlekara - Subotica’’, Subotica, which is equipped with two recupera-
tors (Fig. 1). 
Total energy consumption, amount of internal (recuperated) energy and cosumption 
of external (heating and cooling energy) were considered as the functions of temperature 
difference at tte recuperators.
The analysis was performed by applying both Whistler’s temeparture-enthalpy dia-
gram (3) and second law of thermodynamics.
RESULTS AND DISCUSSION
Two- recuperator UHT- plant with indirect heating
Second generation UHT - plants with indirect heating (see Fig. 1) are mainly equipped 
with two recuperators - the tubular heat exchangers with concentric tubes (double and / 
or triple). This type of exchanger (with heat transfer surface as concentric tubes) is con-
sidered to be appropriate even in present time (4). The heater and cooler are of the form 
of shell and tube exchangers as well. First stage heating of incoming product ( in the ﬁrst 
recuperator ) is followed by homogenization at a suitable temperature. Heating continues 
in both second recuperator and main heater, to the ﬁnal sterilizing temperature. After ﬂow-
ing through the holding tube, the product returns to two recuperators for cooling. Second 
homogenization, if necessary, occurs under aseptic conditions. Final cooling to the outlet 
temperature ends the sterilization process in a water - cooled section.25
Whistler’s diagram and second law of thermodynamics
An analysis of heat transfer between hot and cold streams can be performed by apply-
ing Whistler’s t - H diagram (4). It was created for the condition when both streams (hot 
and cold) were drawn into the t – H coordinates, according to the relevant data. Then, the 
hot stream was ﬁxed at its initial position, while the cold one was translated so as to obtain 
feasible alternatives. The enthalpy changes due to the heating or cooling are presented as 
differences along the x - axis; the temperature difference between two streams is presented 
as the difference along the y - axis. The recuperated energy equals the enthalpy difference 
from both streams; uncovered paths have to be supplied by inputs and outputs of energy, 
i.e. by external energy sources in the heaters and coolers of the UHT - plant. In all those 
cases where many streams exist, hot- and cold - streams should be summarized separately 
in appropriate ways (4), and then used for the analysis of energy consumption.
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Fig. 1. UHT - plant with concentric tube heat exchangers and two recuperators
Plant description
(1) balance tank (4), (6) recuperators R1, R2 (8) holding tube
(2) centrifugal pump (5) homogenizer (9), (11) water coolers CW, CW2
(3) sterilizing heater (7) main heater MH (10), (12) restrictors
Knowing that the enthalpy of any ﬂuid depends on heat capacity (mcp) and tempera-
ture (t):26
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it is obvious that the slopes of the lines in Whistler’ s t – H diagram that represent hot and 
cold streams, have to be equal to each other in all cases where a ﬂuid with constant heat 
capacity ﬂows through a closed circuit. This makes analysis rather simple and does not 
require more sophisticated methods as the Pinch Point Method (5,6) and other methods 
(7,8).
Any system that enables heat transfer between two ﬂuids caused by ﬁnite temperature 
difference, degrades energy due to the fact that heat transfers from the high to the low lev-
el. Consequently, degradation of energy decreases with a decrease of temperature differ-
ences at the exchangers. From the point of view of thermodynamics, the optimal temper-
ature difference tends to zero, while heat transfer surface of the exchanger tends to inﬁni-
ty. It is, not only, impossible to construct the exchanger with an enormously large surface 
but, very often, real streams have to have temperatures with predetermined minimal pos-
sible temperature difference at exchangers. 
Based on experience, a value suggested as most acceptable for practical application is 
∆t = 20°C. The presence of recuperators in an UHT - plant allows a signiﬁcant decrease of 
temperature difference at the exchangers - recuperators themselves as well as in additional 
heaters and coolers. Despite of the repeated degradation of energy during its recuperation, 
the effect of temperature decrease is so signiﬁcant that it signiﬁcantly improves utiliza-
tion of energy when recuperation is included. Maximal degradation will occur in the plant 
without recuperators, where the incoming ﬂuid is heated to the sterilizing temperature in 
only one exchanger (heater) and the sterilized product is cooled to the outgoing tempera-
ture in only one exchanger (cooler).
All the claims can be proved by applying the energy concept (9-11) derived from the 
second law of thermodynamics to the analysis of heat transfer processes in the UHT - plant 
with two recuperators. Namely, heating and cooling of any liquid from the initial state “1” 
to the ﬁnal state “2” causes a change of exergy, determined in terms of exergies at the par-
ticular states: 
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where t0 = 20°C represents the environmental temperature and speciﬁc heat takes the val-
ue: cp = 4.186 kJkg-1K-1 for milk and similar products. 
The difference between exergies in two states:
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can be taken as a measure of energy degradation during analysis of heat transfer in the 
UHT - processing of milk (9-11). The inﬂuence of pressure loss is not taken into account.
Effect of temperature difference at recuperators
Application of Whistler’s diagram. Supposing that constant heat capacity of the 
thermally treated product in “Mlekara – Subotica” is approximately 5kW°C-1 and that the 
temperature difference between hot and cold stream is ∆t = 20°C, the relevant data are 
presented in Table 1. The temperature at homogenizer is 75°C.
Table 1. Data for ∆t = 20°C at the recuperators
Stream Temperature, °C Enthalpy, kw
In Out In Out
Cold I 5 75 25 375
Cold II 75 117 375 585
Cold III 117 137 585 685
Hot I 137 95 685 475
Hot II 95 25 475 125
Hot III 25 20 125 100
Whistler’s diagram for the assumed temperature difference at recuperators of
∆t = 20°C is shown in Fig. 2, where the summarized hot streams and cold streams are 
drawn. Together with the Whistler’s diagram, the plant is sketched in a simpliﬁed form. 
From the diagram in Fig. 2, it is obvious that the suggested temperature difference) ( ∆t 
= 20°C ) enables recuperation at a level of ≈ 81%. Namely, the recuperation of 560 kW 
requires f100 kW or extra heating and 25 kW for extra cooling. Thus , the total energy 
exchanged in the process is 685 kW.
In order to examine the inﬂuence of temperature difference increase to energy con-
sumption in the sterilization process, the temperature difference at the recuperators is in-
creased to ∆t = 40°C , at the same heat capacity of the product. The relevant data are given 
in Table 2. By constructing Whistler’s diagram using the data given in Table 2, as well as 
by applying the same method as presented above , it can be concluded that the suggested 
temperature difference ( ∆t = 40°C ) enables recuperation at a level of ≈ 59%. Namely, the 
recuperated energy is 460 kW, while 200 kW is required for extra heating and 125 kW for 
extra cooling , the total energy exchanged in the process being 785 kW.
Finally, Whistler’ s diagram is applied to the case when both regenerators are ex-
cluded from the process. In this extremely inappropriate case, total consumption of ener-
gy reaches its maximum at a point whose y - coordinate is 1245 kW. This amount of en-
ergy corresponds to the sum of 660 kW exchanged in the heating section and 585 kW ex-
changed in the cooling section. The recuperated energy is zero, while the temperature dif-
ference between the hot and cold stream is ∆t=132°C.28
Fig. 2. Whistler’ s diagram and a simple schematic of the plant for ∆t = 20°C
Table 2. Data for at recuperators
Stream Temperature, oC Enthalpy, kW
In Out In Out
Cold I 5 75 25 375
Cold II 75 97 375 485
Cold III 97 137 485 685
Hot I 137 115 685 575
Hot II 115 45 575 225
Hot III 45 20 225 10029
Application of second law of thermodynamics. The loss of exergy, which repre-
sents energy degradation, is calculated by applying equations (2-4) for two investigated 
alternatives and presented in Table 3, whereby temperature at the homogenizer is taken to 
be constant, t = 75°C , while the difference at the recuperators is taken as being an inde-
pendent variable.
Table 3. Exergy change as a function of temperature difference at the recuperator 
Temperature
difference, 
oC
Recu-
per.
Exergy, kJ kg -1K -1 Loss of
exergy,
kJ kg -1K -1
Total loss of
exergy,
kJ kg -1K -1 Decrease Increase
20
R1
34.22
(25oC←95oC)
17.55
(5oC→75oC)
16.67
23.87
R2
43.26
(95oC←137oC)
36.06
(75oC→117oC)
7.20
40
R1
48.98
(45oC←115oC)
17.55
(5oC→75oC)
31.43
38.97
R2
24.45
(115oC←137oC)
16.91
(75oC→97oC)
7.54
It is obvious from Table 3 that the exergy decreases due to cooling of hot streams and 
increases due to heating of cold streams. The difference between the streams two deﬁnes 
the loss of exergy as an excellent measure of the analyzed heat transfer quality, i.e. the 
smaller the loss of exergy in a process the more reversible the heat transfer in this process. 
Exergy analysis shows that the lower temperature difference at the recuperators is better 
than the higher one.
Optimization of energy consumption. The results obtained from simulation of heat 
transfer exchange for two chosen temperature differences are given in Table 4.
When the point ( 132°C,1245kW ) is taken as a control point, it can be concluded that 
all energies: i) total, ii) recuperated, iii) heating and cooling and iv) sum of heating and 
cooling energies are functions of temperature differences. Their graphical presentations 
can be seen in Fig. 3, while their mathematical models can be derived by using data from 
Table 4 and by applying the equation of straight line through two points.
Table 4. Results of heat transfer simulation for two temperature differences
∆t,°C Φtot, kW Φrec, kW Φh, kW Φc, kW Φh+c , kW
20 685 560 100 25 125
40 785 460 200 125 325
Due to the linear form of the total energy consumption the positions of the extreme 
values are situated at the function boundaries and minimum consumption is possible at the 30
minimum value of the independent variable (temperature difference). In the analyzed case, 
minimal feasible temperature difference is ∆t=15°C, while the maximum is ∆t=132°C. 
Corresponding values of total energy are 660 kW (min) and 1245 kW (max). In such cir-
cumstances, optimization is simple. Optimum is achieved when the equipment can work 
with the smallest possible value of temperature difference at the exchangers. In the case of 
“Mlekara – Subotica”, the temperature difference between hot and cold streams ﬂuctuates 
in the range of 17 - 23°C , which is close to the minimum. 
CONCLUSION
Based on both the application of Whistler’s diagram and second law of thermodyna-
mics, the analysis of energy consumption in the UHT - plant with two recuperators, leads 
to following conclusions. The essential factor in the UHT - process is temperature diffe-
rence at the exchangers; total consumed energy, external energy and recuperated energy 
are linearly dependent on the temperature difference, whereby total consumption of ener-
gy increases with the increase of ∆t, external energies increase with the increase of ∆t and 
recuperated energy decreases with the increase of ∆t. Recuperation of energy has a signiﬁ-
cant inﬂuence on energy saving during the UHT - processing. The increase in the number 
of recuperators in the plant contributes to the decrease of required energy, while it ena-
bles lowering of temperature difference at the heat exchangers. Optimal temperature dif-
ference is as low as possible; however, serious optimization must take into account not 
only temperature difference but also other factors (such as investments, operating costs, 
Fig. 3. Consumed energy as a function of temperature difference at the recuperators31
etc.). The UHT - plant installed in the “Mlekara – Subotica”, as a two - recuperator sys-
tem, works close to the optimum, according to the temperature difference between the hot 
and cold streams.
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SYMBOLS
cp kJ  kg-1K-1 speciﬁc  heat
H kW  enthalpy
m kg  s-1 mass  ﬂow
e kJ  kg-1K-1 exergy
t  0C temperature
T K  temperature
Фc  kW  heat ﬂux removed by cooling - external energy
Фh  kW  heat ﬂux brought in by heating - external energy
Фc + h kW  sum  of  Фc and Фh
Фrec  kW  heat ﬂux of recuperated energy - internal energy
Фtot  kW  heat ﬂux of total energy
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АНАЛИЗА ПОТРОШЊЕ ЕНЕРГИЈЕ ТОКОМ ОБРАДЕ МЛЕКА
У UHT-ПОСТРОЈЕЊУ СА ДВА РЕКУПЕРАТОРА
Мирјана С. Ђурић, Маријана Ђ. Царић, Миодраг Н. Текић
 Спасенија Д. Милановић u Мирела Д. Панић
 Rад приказује резултате анализе потрошње енергије током стерилизације млека 
и производа од млека у UHT - постројењу, инсталисаном у Млекари - Суботица, 
Србија, које садржи два рекуператора. Укупна потрошња енергије, износ интерне 
(рекуперисане) енергије и потрошња екстерне енергије (за грејање и хлађење), 
посматрају се као функције разлике температура на рекуператорима. Aнализа je 
изведенa применом Вистлеровог температура - енталпија дијаграма и другог закона 
термодинамике. На основу резултата анализе изведен је закључак да анализирано 
UHT-постројење ради врло близу оптималног режима.
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